D
espite controversy concerning relative risks and benefits, hormone therapy (HT) remains the most effective treatment for vasomotor symptoms associated with menopause (1) . Understanding the factors that determine the health outcomes associated with HT is therefore a key priority. One critical factor is the age at which treatment is initiated. Perhaps the most compelling evidence in support of that view comes from the very study that raised concerns about the risks of HT, the Women's Health Initiative (WHI). After an average of 7.1 years of follow-up, the WHI Estrogen-Alone Trial was stopped early because of an increased risk of stroke that was equivalent to an absolute excess risk of 12 additional strokes per 10 000 person years (2) . After a mean of 10.7 years of follow-up in that trial, the impact of conjugated equine estrogens (CEE) on health outcomes, including coronary heart disease, myocardial infarction, colorectal cancer, total mortality, and a global index of chronic disease, was more favorable for women aged 50 -59 at treatment initiation compared with women who initiated treatment at older ages (3) . Within the 50-to 59-year-old group, the risk of coronary heart disease and total myocardial infarction was significantly reduced with CEE (3). (The risk of stroke was no longer elevated during the postintervention follow-up period). Thus early age at initiation was a critical determinant of the long-term impact of estrogen treatment. Such data support the hypothesis that estrogen treatment may confer benefits when initiated early, a hypothesis that is referred to in the literature as the "timing hypothesis," the "window of opportunity hypothesis," or the "critical window hypothesis."
The timing hypothesis has been proposed to explain the impact of HT on memory and risk for Alzheimer's disease (4) . Meta-analyses of observational studies revealed a significant 29% decreased risk of Alzheimer's disease in women who used HT (5) . In contrast, the Women's Health Initiative Memory Study (WHIMS) revealed a doubling of the risk of all-cause dementia in older women (mean age 72 years) randomized to receive CEE plus medroxyprogesterone acetate (CEE/MPA) and no increased or decreased risk of all-cause dementia in women randomized to receive CEE alone (6, 7) . The discrepancy between the observational studies and WHIMS has been attributed to differences in the timing of treatment initiation, with younger ages in women in the observational studies compared with the older women in WHIMS.
To date, 3 of 3 observational cohort studies that specifically examined the timing of HT initiation on the risk for Alzheimer's disease have provided support for the timing hypothesis (8 -10 ). An ancillary study, the WHIMS of Younger Women, found no impact of either CEE or CEE/ MPA on a measure of global cognitive function in women who were randomized to HT between the ages of 50 and 55 and who completed the assessment of global cognitive function on average 7.2 years after the trials ended, suggesting that treatments may be safer for younger women (11) . It is unknown what percentage of women in the CEE-alone arm of WHIMS of Younger Women might have initiated CEE treatment during the critical window, because the average number of years since final menstrual period in the CEE group at the time of randomization was 9 years, and about 40% of women in that study arm had bilateral oopherec-tomy (12) . Neuroimaging studies in humans indicate that verbal memory and hippocampal function are enhanced with early initiation of HT (13) . Such human data are consistent with evidence from animal studies that the impact of 17␤-estradiol (E 2 ) on hippocampal function varies with age and is enhanced with early initiation (14 -16) .
In this issue of Endocrinology, Rao and colleagues (17) provide new insights into mechanisms that might explain why the impact of E 2 on cognition and brain function might depend on age at E 2 treatment. They focused on microRNAs (miRNAs), which are small noncoding RNAs that regulate gene expression by binding to complementary sequences in the 3Ј-untranslated region of target mRNAs, usually resulting in their silencing. A subset of miRNAs are known to mediate estrogen-regulated activities, and/or are regulated by estradiol (18) . The hypothesis was that E 2 might differentially regulate miRNA expression in the ventral hippocampus of female rats, leading to altered gene expression important for neuronal function. The ventral hippocampus was chosen as the primary brain region of interest because of its critical role in memory function. To test this hypothesis, they treated ovariectomized 3-month-old (young adult) and 18-month-old (late middle age) female rats with sc E 2 (2.5 g) or vehicle control for 3 days. The E 2 dose resulted in physiological levels of E 2 levels that are comparable to levels observed during late diestrus/early proestrus, a phase of the rat estrous cycle shortly prior to the preovulatory increase in estradiol. The main question was how E 2 treatment, age, and the interaction of E 2 and age influenced miRNA expression.
In the first step of identifying candidate miRNAs in the left ventral hippocampus, the investigators used a microarray platform to probe 723 miRNAs and identify those with moderate-to-very high expression levels and high signal intensity. Of the 723 miRNAs, 34 were significantly altered by E 2 treatment regardless of age, 21 were significantly altered by age regardless of treatment, and 9 were altered by a combination of the 2 factors. In a second validation step, real-time quantitative PCR of RNA taken from the right ventral hippocampus confirmed that 7 of those 9 miRNAs were altered. Specifically, E 2 treatment significantly impacted 6 of the 7 miRNAs tested, age affected 2 of the 7, and the 2 factors combined affected 2 of the 7. Target prediction programs were then used to understand the physiologic impact of the E 2 -regulated miRNAs. Based on those predictions, levels of sirtuin 1 (SIRT1), glucocorticoid receptor, ␥-aminobutyric acid receptor A1, and brain-derived neurotrophic factor (BDNF) mRNA expression were measured and compared across treatment groups. Because degradation of mRNA transcripts is one mechanism whereby miRNAs decrease the protein expression of their target genes, it was expected that miRNA expression would relate inversely to target mRNA expression. Indeed, that was the case for SIRT1, which was down-regulated in young, E 2 -treated animals. SIRT1 expression has been linked to memory and neuronal plasticity (19) , as well as anxiety through effects on monamine oxidase (20) . There was also a strong trend for an E 2 -mediated increase in BDNF in the young animals. Notably, E 2 enhances hippocampal expression of BDNF, a growth factor that increases dendritic spines and enhances memory function (21, 22) . Overall, these results indicate that E 2 is a critical regulator of miRNA expression in the ventral hippocampus generally, affecting gene targets that influence hippocampal function and memory.
Lastly, to determine whether these effects were specific to the ventral hippocampus, the authors examined miRNA expression levels in 3 other brain regions that are functionally connected to the ventral hippocampus: dorsal hippocampus, central amygdala, and paraventricular nucleus. Results demonstrated that magnitude of E 2 action on miRNA expression differed by brain region, with most brain regions having unique miRNAs that were significantly affected by both age and treatment. The exception was that E 2 altered expression of miR-7a, which targets SIRT1, in multiple brain regions. Notably, treatment with SIRT1-activating compounds has been shown to delay neurodegeneration in a transgenic mouse model and is thought to be a key mechanism involved in the beneficial effects of caloric restriction on memory and neuronal function (23) as well as the neuroprotective effects of resveratrol (24) .
The demonstration that E 2 alters miRNA expression in an age-dependent manner opens up several avenues for future studies. First, as noted by the authors, a 3-day treatment exposure was sufficient to demonstrate proof of concept that E 2 can impact miRNA expression, but longer-term treatment is needed to better model how E 2 is used in clinical practice. Second, whether early and sustained E 2 treatment influences miRNA expression long after treatment is discontinued is an important area of future inquiry. Women who have an oophorectomy before the normal age at menopause show an increased risk for cognitive impairment or dementia later in life unless they are treated with estrogen until the normal age at menopause (25) . Third, the study provides justification for investigating SIRT 1 as a potential mediator of the impact of E 2 on memory and hippocampal function. SIRT1 has been implicated in the disruption of mitochondrial bioenergenetics in Alzheimer's disease and mild cognitive impairment (26) . Disruption of mitochondrial bioenergetics, in turn, has been implicated as a potential mechanism explaining the negative impact of estrogen on cognition when initiated in older women (27) . Fourth, the increase in dementia observed with CEE/MPA rather than CEE alone suggests potential deleterious effects of MPA on brain function in older women (6, 7).
Understanding how MPA and other progestins might alter the impact of E 2 on miRNA levels can help to guide future clinical trials to identify estrogen/progestin combinations that might confer cognitive benefits. Lastly, in light of evidence that estrogen effects on cardiovascular disease and mortality are age dependent (3), it will be important to expand the evaluation of miRNAs in tissues other than brain.
In conclusion, there is compelling evidence that the impact of estrogen treatment on health outcomes varies with age and that health benefits may be most evident with early treatment. The precise mechanisms underlying such effects remain poorly understood. However, findings on miRNA expression presented by Rao and colleagues (17) provide new evidence that age-dependent effects on memory may be due to E 2 modulation of neuronal target genes that alter gene expression and influence hippocampal function.
